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Abstract
Structural and functional complexity of proteins is dramatically reduced to a simple
linear picture when the laws of polymer physics are considered. A basic unit of the
protein structure is a nearly standard closed loop of 25–35 amino acid residues, and
every globular protein is built of consecutively connected closed loops. The physical
necessity of the closed loops had been apparently imposed on the early stages of
protein evolution. Indeed, the most frequent prototype sequence motifs in prokaryotic
proteins have the same sequence size, and their high match representatives are found
as closed loops in crystallized proteins. Thus, the linear organization of the closed
loop elements is a quintessence of protein evolution, structure and folding. Copyright
 2002 John Wiley & Sons, Ltd.
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Introduction
One fundamental property of the polypeptide chain
is its ability to return to itself with the formation
of closed loops. This phenomenon is enforced
by the laws of polymer statistics, which also
suggest a typical loop size, dependent only on
chain ﬂexibility [9,14]. For natural protein chains
this closed loop size is about 25–35 amino acid
residues [2]. Such loops are important elements
of protein structure as is well documented in
recent studies [2,3,4,10]. Every globular protein
can be represented as a 1D to 3D assembly of
closed loops of nearly standard size, as above.
Until recently this basic feature of protein structure
has never been explored. In the following review,
this novel view on protein structure is outlined,
and dramatic implications for protein folding and
evolution are discussed.
Chain returns — units of protein
structure
The optimal size of the closed loops is a trade-off
between the energy of deformation of the chain,
and the probability of the loop ends occurring in the
vicinity of one another. The loop closure fortiﬁed
by the interactions between amino acid residues at
the ends of the loops provides an important degree
of stability, which makes the closed loop a distinct
structural unit. Every loop may have its own
unique conformation, with a speciﬁc arrangement
of secondary structure elements along the contour
of the loop and various intra-loop interactions.
Disassembly of globular proteins into the
closed-loop components
In a search for the closed loops as contours with the
short Cα–Cα contacts at the loop ends, one imme-
diately discovers that practically every globular
protein is built as a linear assembly of closed loops
of nearly standard size [2,4], about 30 residues,
compacted in the 3D globule. Several examples of
such linear organization are illustrated in Figure 1.
Here, the globules of the major fold types [12],
placed in the centre of a respective Figure, are
surrounded by the elementary closed loops follow-
ing one after another clockwise according to their
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α/β Sandwich
Figure 1. Representative examples of major folds [12] disassembled in closed loop elements. The coordinates of the loop
ends are calculated from the shortest Cα–Cα distances [2], accepting the contour length within the range 15–35 amino
acid residues. αβ Sandwich (1aps): N-end segment (residues 1–17, grey); loop 1 (18–45, red); loop 2 (47–75, green);
opened C-end loop (76–98, grey). Trefoil fold (1i1b): N-end segment (residues 1–13, grey); loop 1 (16–30, red); loop 2
(42–62, green); loop 3 (70–99, blue); loop 4 (101–115, orange); loop 5 (120–136, magenta); C-end segment (139–153,
grey). Doubly Wound (2fox): loop 1 (1–30, red); loop 2 (35–66, green); loop 3 (78–107, orange); loop 4 (112–134,
blue). Jelly Roll (2stv): N-end segment (residues 12–27, grey); loop 1 (29–58, red); loop 2 (72–89, green); loop 3 (93–124,
blue); loop 4 (129–147, orange); loop 5 (154–170, magenta); loop 7 (171–190, cyan). Immunoglobulin fold (2rhe): loop
1 (3–24, red); loop 2 (29–52, green); loop 3 (53–74, blue); loop 4 (81–109, orange)
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Trefoil
Figure 1. Continued
consecutive engagement. Space limitations do not
allow us to display all the diversity of existing fold
types. However, these typical examples demon-
strate the spectacular picture of the ﬂowering buds
(protein globules) with their petals (loops) exposed.
From closed loops to folds
Inspection of the ﬁgures reveals that all different
folds have the same organization. Naturally, spe-
ciﬁc interactions between the loops and details of
the secondary structure of the closed loops would
dictate their 3D arrangements in the variety of
forms. Complicated as the forms appear, they are
actually rather simple when looked at as an assem-
bly of loops. One interesting example is the case
of cytochromes c and 256b. These two function-
ally related proteins involved in electron transport
have practically the same size (112 and 106 amino
acid residues, respectively), and the same sequence
positions of the loop ends. Their folds are, how-
ever, rather different (cytochrome c type, and four-
helical up-and-down bundles, respectively, accord-
ing to the SCOP classiﬁcation [11]). As Figure 2
illustrates, the difference is essentially due to a
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Doubly Wound
Figure 1. Continued
change in orientation of the middle loop (green). In
the cytochrome c structure this loop is ‘head-up’,
while in the 256b structure it is ‘head-down’. Sev-
eral other changes are seen as well (see legend
for the Figure). In the bottom of Figure 2 the two
corresponding sets of the coloured protein sections
are shown for comparison. Interestingly, after the
apparent transformation the middle loop (green)
almost did not change, whereas two other sections
are rather disﬁgured. This example indicates that
the closed loop organization is rather versatile,
which opens an intriguing dimension in protein
evolution and design.
A straightforward evolutionary scenario would
be the formation of multiloop structures from a
variety of different types of closed loops. Some
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Jelly Roll
Figure 1. Continued
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Immunoglobulin fold
Figure 1. Continued
of the types may well be present simultaneously
in many related or only distantly related proteins.
Probably the best illustration of such omnipresence
is the so-called P-loop involved in ATP- and
GTP-binding [13].
Closed loops: evolutionary connection
When the protein chains evolved from short to
long and reached a size adequate for loop closure,
a new important evolutionary stage opened [15].
Copyright  2002 John Wiley & Sons, Ltd. Comp Funct Genom 2002; 3: 525–534.Closed loops in protein organisation 531
Cytochrome 256b Cytochrome C
Cytochrome 256b
Cytochrome C
Figure 2. Comparison of two cytochrome structures. (Top) The cores of respective folds (in both cases residues 10–94).
(Bottom) Two respective sets of the loops. Cytochrome 256b: loop 1 (10–33, red); loop 2 (41–62, green); loop 3 (68–94,
blue). Cytochrome c: section 1 (10–33, red); loop 2 (39–61, green); loop 3 (72–94, blue)
The closure provided advantageous stability to the
standard loop size molecules, and a whole pop-
ulation of different molecules of that size should
have become dominant. During this evolutionary
period, presumably, the functions associated with
the individual closed loops were consolidated and
optimized. Later, fusion of respective genes would
have resulted in various combinations of the loops
and their functions. Modern proteins may well
keep this original organization, as it indeed appears
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ALEPH
BETH
GIMEL DALET
HEH
VAV
ZAYIN
Figure 3. Gallery of highest match descendants of the seven sequence/structure prototypes (Aleph to Zayin) detected in
the crystallized proteins
(see below). In that case the loop elements would
be descendants of the original small molecules
with their sequence/structure features, hopefully
still conserved to a detectable degree. The original
structural and functional identity of these elements
may still play a role in later evolutionary recombi-
nation events. As suggested by the analysis of the
positions of hot spots for recombinational swap-
ping of protein sequence segments [18], the size of
20–30 amino acid residues corresponds to apparent
protein building blocks.
A massive search for the most common sequence
motifs of the size 25–35 amino acid residues
in 23 prokaryotic proteomes yielded the above-
mentioned P-loop motif as the most frequent. It
is located in hundreds of proteins involved in
a variety of energy-dependent processes. Several
other frequent sequence motifs have also been
detected [5,7,16,17]. Remarkably, their mapping
on the sequences of crystallized protein structures
revealed that the common motifs are located in the
closed loops. In Figure 3 structural representatives
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(highest sequence matches) of seven families of the
loops are shown. As they are presumably the most
ancient forms, the respective sequence/structure
prototypes are numbered according to the let-
ters of the ancient Hebrew alphabet. The Aleph
group corresponds to the P-loop located pri-
marily in the ABC-transporter proteins [1]. The
fact that at least some prototypes can be recon-
structed demonstrates that billions of years of evo-
lutionary changes have not completely destroyed
the original patterns/structures. We expect that
more prototypes will be found by further scrutiny
of sequence and structure databases. Mapping
of the prototypes onto protein sequences would
give an important lead in analyses of func-
tional and evolutionary relatedness of various pro-
teins. One good example of such mapping [8]
is the ATP-binding subunit of histidine perme-
ase from S. typhimurium (1b0u PDB code), where
ﬁve of the seven above prototypes were located.
Its structure could be presented as a ‘word’,
X–Aleph–X–Dalet–Vav–Beth–Zayin–X, where
the symbol X corresponds to the sections that
cannot immediately be recognized as descen-
dants of some other hypothetical prototypes. It
may well be that the uncharacterized sections
have rather recent de novo origin, so that no
distinct prototype has yet developed. They are,
however, under the same structural and physi-
cal pressures, requiring the same size scaling.
The prototypes Vav (Figure 3, blue) and Zayin
(Figure 3, magenta) were actually detected origi-
nally in this very protein as standard size loop ele-
ments, sandwiched between earlier-characterized
prototype descendants.
Concluding remarks
According to the view described above, the struc-
turally and functionally complicated protein glob-
ules unravel into simple linear assemblies, just as
ﬂowering buds open, revealing their petals. The
linearity of the organization of the closed loops
is apparently rooted in early protein evolution.
The linearity also has far-reaching implications
for protein synthesis and folding [5,6]. An obvi-
ous scenario is sequential co-translational folding
of the loops (their closure and formation of inter-
nal secondary structures), with subsequent arrange-
ment of the loops in ﬁnal 3D organization. The
observed times required for protein folding are
consistent with the existence of small (of the
order of 20–50 amino acid residues), indepen-
dently folding units [7]. The linearity rule makes
the very basis of the evolutionary history of glob-
ular structures, of their organization as linear
arrays of closed loops, and of their sequential (co-
translational) folding during protein synthesis. The
variety of ‘petals’ (closed loops) and their com-
bination renders to protein structure all its natural
beauty.
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